Food allergy is a common problem in childhood. The term is used to include both immunoglobulin E (IgE)-mediated and non-IgE-mediated food allergies, which have a significant effect on the quality of life of patients and their families. In this report, we aim to discuss recent advances in the diagnosis, management, and treatment modalities of food allergy in children.
Introduction
Food allergy is defined as an adverse immune response that occurs reproducibly on exposure to a given food. This is different from food intolerance, which refers to a nonimmunological adverse reaction to food, such as lactose intolerance (an enzyme deficiency) [1, 2] . Food allergy is common, affecting 6% to 8% of children, and can be both life-impacting and life-threatening. The prevalence of food allergy is highest in infants and toddlers; 2.5% of infants suffer from milk allergy, and up to 10% of 1-year-olds suffer from allergies to food, including cow's milk, egg, nuts, soya, wheat, and fish/shellfish [1, 3, 4] . There has been a rise in incidence in food allergies and other atopic diseases over the last three decades, and various hypotheses have attempted to explain this, such as the hygiene hypothesis, the timing and route of introduction of foods into the diet, and heredity [5, 6] .
According to the World Allergy Organization guidance, food allergy can be IgE-mediated or non-IgE-mediated [7] . IgE-mediated food allergy typically has a rapid onset, affecting the skin, respiratory tract, and in some cases the gastrointestinal tract, whereas non-IgE-mediated food allergy usually has a delayed onset and affects the gastrointestinal tract and the skin [8] .
Both have a significant effect on the quality of life of sufferers and their carers. Anxiety stems from fear of accidental ingestion, and allergic children face various dietary and social restrictions and school issues [9, 10] . Clinician and parental frustration in non-IgE gastrointestinal allergies lies in the difficulty in diagnosis, ineffective treatments, and lack of validated tests, leading to both under-and overdiagnosis. Allergies to certain foods, such as cow's milk, soya, egg, and wheat, are usually outgrown after a few years and a period of dietary exclusion. Fish, shellfish, peanut, and tree nut allergy, on the other hand, tend to be life-long and rarely resolve [11] . Non-IgE-mediated gastrointestinal allergies may predispose to atopic and functional bowel co-morbidities in later childhood [12, 13] .
Management of food allergies is currently based on the strict avoidance of the offending food (elimination diet) and prompt treatment of adverse reactions, resulting from accidental exposure [2, 14] . Recently, the approach to both IgE-mediated and non-IgE-mediated allergy diagnosis and management has evolved via the use of anticipatory testing (IgE), better testing methods (non-IgE), early introduction of potentially allergenic foods, induction of tolerance to known allergens, and improved knowledge of non-IgEmediated allergic disorders.
IgE-mediated food allergy

Anticipatory testing
Children with allergy to one food are at risk of having more food allergies [15] . Therefore, the initial presentation with one food allergy in high-risk patients should prompt further assessment. Otherwise, further food allergies will be discovered only when the child unexpectedly reacts on exposure, with potentially severe consequences. On the other hand, the child may be unnecessarily restricted from consuming foods considered 'high-risk' (for example, nuts) simply because of fear of reaction.
Recent guidelines, such as the National Institute for Health and Care Excellence (NICE) guidelines for food allergy, recommend allergy testing not only to the allergen suspected of causing the index reaction but also known co-allergens [16, 17] . For example, testing for peanut allergy in children with egg allergy (estimated rate of co-allergy in approximately 20% to 30%) [18, 19] .
The presence of eczema in infancy is an important risk factor for the development of IgE-mediated food allergy. Hill and colleagues [20] [21] [22] [23] showed that increasing severity of eczema during infancy and earlier age of onset are both risk factors for development of allergy [24, 25] . A recent study by Mailhol and colleagues [24] demonstrated that children who are less than 2 years old and who have early-onset or severe eczema are at higher risk of food allergy and may be candidates for food allergy evaluation.
Early dietary introduction of allergenic foods
Currently, there is not sufficient evidence to support that maternal avoidance of allergenic foods has any benefits in preventing the development of food allergy in infants [26, 27] . For infants at increased risk of atopy, the advice to delay introduction of solid foods until 6 months of age and of major food allergens until after 3 years of age has also been challenged [26] . Several studies have suggested that early introduction of an allergic food may actually play an important role in tolerance induction [28] .
Katz and colleagues [29] have undertaken a prospective study investigating risk factors for cow's milk allergy. They have shown that infants with exposure to cow's milk protein in the first two weeks of life had a significantly lower incidence of cow's milk allergy compared with those infants who were introduced to cow's milk after the age of 4 to 6 months. It was concluded that early exposure to cow's milk protein may be protective against the development of IgE-mediated cow's milk allergy [29] .
In a cross-sectional study, it has been suggested that early introduction of egg might have a protective effect against egg allergy. Infants introduced to cooked egg at 4 to 6 months had a lower risk of egg allergy than those introduced to cooked egg after that time [30] . In other studies, egg introduction before the age of 11 months was inversely associated with the development of asthma, allergic rhinitis, and atopic sensitization. In contrast, introduction of a limited number of foods at the age of 3 months was associated with an increase in atopic sensitization later in life [31, 32] . Du Toit and colleagues [19] found a 10-fold higher prevalence of peanut allergy in the UK compared with Israel (1.85% versus 0.17%). Israeli infants start consuming peanut-containing foods during early weaning, whereas UK infants mostly avoid peanuts for the first three years of life. Early consumption of peanuts in infancy as well as consumption of frequent and high doses of peanut protein may be associated with a low prevalence of peanut allergy, possibly due to induction of oral tolerance [19] .
Further data from ongoing interventional studies such as LEAP (Learning Early About Peanut allergy) are required to better understand whether early food introduction can actively help reduce the risk of food allergy [13] . Early introduction would also broaden the dietary repertoire of the infant and reduce the number of foods being avoided [33, 34] .
Active tolerance induction
Recent studies investigating the natural history of cow's milk and egg allergy have shown that resolution rates are not as high as considered previously and that the majority of children develop tolerance in late childhood [35, 36] . For children who are allergic to baked egg, for instance, it is less likely that tolerance will be developed by 2 years of age, according to recent research [37] . So far, the traditional approach to food allergy has been strict dietary avoidance. Recent evidence relating to new strategies to induce tolerance development has emerged [2, 38] . Three areas have been of particular interest: the use of probiotics in infants with milk allergy, the role of baked egg and milk introduction in children with milk or egg allergies, and the role of desensitization to food.
There has been long-standing interest in the potential role of probiotics in modulating the allergic response in food allergy [39] . Maternal probiotic supplementation during pregnancy and breastfeeding has been shown to reduce the risk of eczema in high-risk infants [40] . Recently, Canani and colleagues [41, 42] published several articles reporting accelerated cow's milk allergy tolerance acquisition in children receiving an extensively hydrolyzed casein formula with Lactobacillus GG (LGG) (78.9%) versus the control without LGG (43.6%).
Many parents had recognized that, despite a diagnosis of milk or egg allergy, their children could tolerate the allergen when it was extensively heated, such as baked in cakes. Studies revealed that 70% to 75% of milk and egg allergic children can tolerate the allergen when it was extensively heated [43, 44] . Kim and colleagues [45] have shown that children who incorporated baked milk into their diet were 16 times more likely to become tolerant to all forms of milk compared with those who did not. Similarly, a study evaluating the role of baked egg in the development of tolerance to egg allergy has shown that subjects who were consuming baked egg products were 14 times more likely than the control group to develop tolerance to regular egg [46] .
Another area that has made significant advances is food oral immunotherapy (OIT). Preliminary data are promising for OIT as an active treatment for food allergies. The administration of small but increasing doses of an allergenic food to children who are allergic to the food has been shown to increase their threshold of reactivity (desensitization), induce clinical tolerance, and enable them to eat varying amounts of the allergenic food without reactions [47, 48] .
A recent Cochrane Review on the role of immunotherapy for milk allergy has highlighted the fact that, in children with cow's milk allergy, OIT increases the probability of achieving tolerance of cow's milk compared with elimination diet alone. However, its use in routine clinical practice is not recommended as yet [49] .
OIT to foods appears to require regular consumption of the relevant allergen in order to maintain clinical tolerance. Discontinuation of OIT even for short periods of time (a few weeks) has so far resulted in loss of desensitization [47, 50] . Families contemplating such therapy will need to weigh up the benefit of increased clinical tolerance against the risk of allergic reactions, compared with a strategy of complete avoidance. Phase III studies are required to further investigate long-term effects of this intervention.
Non IgE-mediated food allergy
Improved classification and recognition of symptoms The pathophysiology of non-IgE-mediated food allergy remains poorly described; however, there have been some advances in recognizing the overlap between IgEmediated and non-IgE-mediated allergy; in particular, the more recent National Institute of Allergy and Infectious Diseases (NIAID) guidelines now include a mixed IgE-mediated and non-IgE-mediated allergy, and eosinophilic esophagitis (EoE) and atopic eczema fall within this category [2] . Further to this mixed presentation, the association between atopic eczema and the presence of gastrointestinal symptoms, first highlighted by Latcham and colleagues [51] , has recently been confirmed by Meyer and colleagues [52] , and over 40% of children with non-IgE-mediated protein-induced gastrointestinal allergies also presented with atopic eczema. Similar to the concomitant atopic co-morbidities in IgE-mediated allergies, data have also been published by the same research group on the presence of asthma and rhinitis, in addition to frequent upper respiratory tract infections in non-IgE-mediated allergies. This is over-represented in our population group and suggests that non-IgE-mediated allergies are a multi-system disorder whose exact mechanisms are yet to be elucidated [52] .
Over the last decade, various non-IgE-mediated allergic conditions-in particular, EoE and food protein-induced enterocolitis syndrome (FPIES)-have received significant attention. Eosinophilic gastrointestinal disorders are classified according to the site of the inflammation and the depth and severity of the inflammation, which influences the presenting symptoms. The spectrum of pathologies (often with overlapping symptoms) includes EoE (the most common of these conditions), eosinophilic gastroenteritis, and eosinophilic gastroenterocolitis [53] . Although EoE is clearly associated with the atopic phenotype, the underlying mechanism is the subject of much investigation. Research has revealed that eosinophilic gastrointestinal disorders are primarily polygenic allergic disorders that involve mechanisms that fall between pure IgE-mediated and delayed T helper (TH) 2-type responses [54] . Eosinophils promote potent pro-inflammatory effects mediated by their release of cytotoxic granules and a variety of lipid mediators and cytokines. During TH2-associated gastrointestinal inflammatory conditions, increased levels of eosinophils occur in the lamina propria in an eotaxin 1-dependent manner. Furthermore, after mucosal allergen challenge, eosinophils under the regulation of interleukin-5 (IL-5) accumulate in the esophagus, an organ normally devoid of eosinophils at baseline. The local production of eotaxin-3, a potent eosinophil chemoattractant, appears to be pivotal. Inhalant allergens may also be implicated in older children and adolescents with EoE [54] . Although dietary exclusions are essential, they often are not sufficient to control symptoms, and pharmacological management is required.
FPIES is another non-IgE-mediated disorder that occurs in young infants, and the prevalence has been estimated at 0.36% by a retrospective study in the UK [55] . The most commonly reported FPIES food is cow's milk; however, it is also frequently reported with grains (that is, rice) and fish [56] . FPIES presents with profuse vomiting or diarrhea or both; additional symptoms may include pallor, lethargy, and neutrophilia, usually occurring within 2 to 4 hours after ingestion of the food [57] . This condition is frequently misdiagnosed; there may be long delays in reaching the correct diagnosis, and infants often have to undergo multiple unnecessary investigations [57] . Fortunately, the prognosis is good, and most children outgrow FPIES by 3 years of age [57, 58] .
Several studies have now highlighted not only the gastrointestinal symptoms commonly seen in children with this type of allergy but also the high prevalence of feeding difficulties and the extra-intestinal manifestations, suggesting that this is a multi-system disorder. Recent diagnostic guidelines are in place to help health professionals distinguish these disorders from other medical conditions [59] [60] [61] .
Data from 437 children with food protein-induced gastrointestinal allergies indicate that 30% to 40% of them have feeding difficulties [62] . In particular, the presence of vomiting, constipation, and abdominal discomfort has been associated with the development of feeding difficulties. The presence of feeding difficulties in children with suspected non-IgE-mediated food allergy has been included in the NICE UK guidance to aid diagnosis [61] . Non-IgE-mediated food allergy is also associated with extra-intestinal manifestations such as joint pain, fatigue, night sweats, and headaches, although much more work is needed to understand the underlying pathophysiological mechanisms. In addition, these children often suffer from frequent, prolonged respiratory infections and may have associated minor immune deficiencies [52, 62] .
Food allergy may have a role to play in other gastrointestinal conditions. For example, persistent colic, gastroesophageal reflux unresponsive to pharmacotherapy, and persistent constipation may be attributed to allergic causes, such as non-IgE-mediated milk allergy. It may be useful to consider an appropriate trial of elimination diet for the suspected food allergen in order to assess symptomatic response. These conditions are rarely associated with IgE-mediated food allergy, and so skin prick tests and food-specific IgE are unlikely to be helpful.
Long-term consequences: predisposition to functional bowel problems and the allergic march Functional gastrointestinal disorders (FGIDs) are the clinical product of an interaction between psychosocial factors and altered gut physiology via the brain-gut axis. In an effort to help clinicians obtain a better understanding and classification of these disorders and make the correct diagnosis for patients, the Rome III criteria were produced. The documents were the result of the work of 87 internationally recognized investigators representing 18 countries. It is suggested that better recognition of FGIDs may prevent long-term morbidity [63] .
Based on the Rome III criteria for diagnosis, FGIDs are classified first by age range (neonate/toddler and child/ adolescent) and then by symptom pattern or area of symptom location. Each category site contains several disorders, each having relatively specific clinical features. So the functional bowel disorders include irritable bowel syndrome, functional bloating, functional constipation, and functional diarrhea, which anatomically is attributed to the small bowel, colon, and rectum [63] .
Food allergy can be a predisposing factor for FGIDs in children. A case-control pediatric study by Saps and colleagues [12] included 52 children who were diagnosed with cow's milk allergy in the first year of life (cases) and 53 siblings without a history of cow's milk allergy (controls). Abdominal pain was significantly more common in cases (30.8%) versus controls (9.43%) (odds ratio 3.03, P = 0.01), and the authors concluded that cow's milk allergy constitutes a risk factor for the development of functional gastrointestinal disorders in children.
The term "allergic march" refers to the progression of atopic diseases, which is characterized by a typical sequence of IgE antibody responses and clinical symptoms that appear early in life, persist over years or decades, and often remit spontaneously with age. In general, atopic dermatitis is the first clinical manifestation of the IgE response, and the highest incidence is during the first 3 months of life. This is followed by the emergence of food allergy in the first 3 years of life. Seasonal allergic rhinoconjunctivitis is generally not observed during the first 2 years of life, although a minority of children will develop specific IgE antibodies during this early period. Allergic rhinitis may be followed by seasonal allergic asthma as part of the atopic phenotype [64] .
Diagnostic methods
The diagnosis of non-IgE-mediated food allergy is generally based on elimination diets, followed by reintroduction of the suspected foods, with the addition of intestinal biopsies, when needed. Recently, the lymphocyte stimulation test (LST) for k-casein was proposed as an alternative diagnostic test for intestinal cow's milk allergy (ICMA) [65] . A study that evaluated the diagnostic value of LST in a large number of patients with ICMA in Japan included 96 infants who developed intestinal symptoms after ingestion of cow's milk formula and showed remission of symptoms after elimination of this food. Seventy-two subjects with normal cow's milk-IgE levels and a positive result in an oral food challenge test (OFCT) for cow's milk formula were diagnosed with ICMA. Ten infants with normal cow's milk-IgE levels and a negative OFCT result were diagnosed with non-specific intestinal symptoms (NISs). In the 72 patients with ICMA, 86.1% of patients tested positive in the LST for k-casein. In contrast, only 2 of the 10 NIS infants tested positive. The incidence of a positive LST result was significantly higher in the ICMA group than in the NIS group (P < 0.0001) [65] .
Recent guidelines on the diagnosis of EoE recommend that at least two to four biopsies be taken from both the proximal and distal esophagus to maximize diagnostic sensitivity [66] . In symptomatic children with positive histological findings for EoE, a trial of proton pump inhibitors is recommended for 8 weeks in order to diagnose responsive esophageal eosinophilia [66] . Studies have shown that up to 40% of children with esophageal eosinophilia have responded histologically to proton pump inhibitor therapy [67] . Recently, gene expression profiling has been used for the molecular diagnosis of EoE with the aim to develop a test that can differentiate EoE from controls and also EoE remission from active disease. However, a biopsy is still required for diagnostic confirmation [68] .
New treatment strategies
In a similar way to IgE-mediated food allergy, it has been shown that most adults with EoE are able to tolerate baked milk [69] . This may also be applicable to children, although current published literature included adult subjects only. The destruction of conformational epitopes of cow's milk has been suggested as the underlying mechanism of baked milk tolerance in IgE-mediated cow's milk allergy [43] . Whether allergen-specific IgE is expressed and plays a role in EoE is unknown. The observation of clinical tolerance of baked milk in a subset of patients with EoE supports a role for an IgE-mediated mechanism [69] . The ability to add baked milk products back into the diet may improve compliance, quality of life, and nutrition. Commonly used allergen testing modalities (skin prick testing, patch testing, and specific IgE testing) are not helpful in predicting the outcome of baked milk ingestion [69] .
Current treatment of EoE is based on inflammation control with steroids (oral or topical) or food antigen avoidance or both. However, such treatment options are not specific, reduce the quality of life of patients, and have significant side effects; therefore, there is a significant ongoing effort to design additional studies of specific immunotherapy. Anti-IL-5 treatment has been shown to significantly decrease eosinophil numbers in the esophageal biopsies in adults and children with EoE. However, very few patients reached normal levels, and the clinical response was not different from placebo. The use of anti-tumor necrosis factor-alpha and anti-IgE in small studies has shown no efficacy in treating EoE so far [70] .
Conclusions
For many years, management of food allergy consisted of allergen avoidance and emergency treatment while waiting for allergies to be outgrown. However, a more active approach to management, drawing on the emerging evidence base, is helping to improve quality of life, prevent development of new allergies, and actively attempt to induce tolerance. For IgE-mediated food allergy, the future lies in prevention and early recovery by inducing tolerance or prevention by early introduction. For non-IgE-mediated food allergy, the path has already been defined by IgE-mediated disease with the need for better tests, early induction of tolerance, and better understanding of emerging conditions, such as EoE, which may in fact have been around for many years previously.
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